inhibition of esterase activity was obtained with organophosphates, mercuric compounds, eserine sulfate, sodium arsanilate, NaF, CaCl2, CoCl2, or MnCl2. At concentrations from 7 x 10-4to 4 x 10-3M, 2-butanol and primary alcohols with chain lengths of four or more carbons inhibited esterase activity from 59 to 86%. Linear noncompetitive inhibition of esterase activity by 3-methyl-1-butanol with a K, of 1.0 x 10-3 M was demonstrated.
Alphatic methyl ketones can serve as sole sources of carbon and energy for a number of different bacteria and fungi (10) . The mechanism by which these substrates are catabolized may be common to several pathways. Analogous intermediates and the same types of enzymes are involved in the degradation of both 2-tridecanone and 2-butanone by different groups of microorganisms.
The catabolism of 2-tridecanone by several different Pseudomonas species and a Penicillium species involves the formation of undecyl acetate and 1-undecanol as intermediates (1, 8, 11 oxygenase and esterase activities are present in cell extracts of pseudomonads grown on 2-tridecanone, and the oxygenase appears to be the rate-limiting enzyme because 1-undecanol accumulates in culture fluids whereas undecyl acetate does not (9) .
Trudgill and co-workers (12, 22) reported an analogous mechanism involving an oxygenase and a lactone hydrolase for the catabolism of cyclohexanone and cyclopentanone by a Pseudomonas and a Nocardia. Furthermore, the degradation of cyclic ketones A procedure based on the hydroxamic acid method of Hestrin (14) was used to assay esterase activity on methyl acetate and lactones. The assay was performed at 30 C. The assay mixture, in a volume of 1.0 ml, contained 0.1 M phosphate buffer (pH 7.5), substrate, and enzyme, which was added last. The reaction was stopped by the addition of 1.0 ml each of 1.0 M NH2OH HCI and 3.5 M KOH; 1 min later, 1.0 ml of 3.0 M trichloroacetic acid was added. The precipitated protein was removed by centrifugation, and 0.5 ml of 2% (wt/vol) FeCl3 in 0.1 N HCl was added to the supernatant fluid. The absorbance of the resulting solution was measured at 540 nm, and the concentration of ferric hydroxamate was read from a standard curve constructed with different concentrations of ethyl acetate. Control assays without enzyme were performed to correct for evaporation and chemical hydrolysis of the substrate.
A radiotracer method was used to measure esterase activity on ethyl acetate in the concentration range of 0.05 to 2.0 /imol/ml. Ethyl l1-14Clacetate (specific activity 1.02 mCi/mmol) was purchased from Mallinckrodt Chemical Works. The assay mixture, in a volume of 1.0 ml, contained 0.1 M phosphate buffer (pH 7.5), "C-labeled ethyl acetate, and purified enzyme, which was added last. The mixture was incubated for 5 min in a glass-stoppered tube in a water bath at 30 C. Toluene (1 ml) was added to the mixture, and the tube was shaken vigorously to halt To compensate for loss of substrate in exhausted air, incoming air was bubbled through 10% (vol/vol) 2-butanone in water. The culture was agitated by aeration only. Continuous culturing was begun after 24 h of incubation and continued for 24 h. The adjusted flow rate of the medium was 500 ml/h. Purification of esterase. The cells were harvested in a Sharples Super Centrifuge equipped with cooling coils, washed twice in 0.1 M Tris buffer (pH 7.5), and suspended in the same buffer to a volume of 6 ml/g (wet weight) of cells. During all extraction procedures, the temperature of the preparation was maintained below 10 C. The cell suspension, in 100-ml portions, was subjected to sonic disruption (Branson model LS-75 sonifier) for 40 min at 7 amp. Cellular debris was removed by centrifugation at 43,500 x g for 20 min.
The crude cellular extract was treated with 1/20 volume of 1.0 M MnCl2, added dropwise with stirring, and stirring was continued for 15 min after all additions had been made. The precipitate was removed by centrifugation. The protein concentration of the supernatant fluid was adjusted to 10 mg/ml with 0.1 M Tris buffer (pH 7.5) and fractionated with ammonium sulfate to remove manganese salts and complexes from solution. After addition of ammonium sulfate (30% of saturation), the mixture was stirred for 1.5 h after all additions had been made. The precipitate was removed by centrifugation at 18,000 x g for 20 min and discarded. Solid ammonium sulfate was added slowly with stirring to the supernatant fluid to give 70% of saturation, and the mixture was allowed to stand for 10 h. The precipitate was removed by centrifugation, dissolved in a minimal volume of 0.01 M Tris buffer (pH 7.5), and dialyzed against two changes of the same buffer over a period of 6 h, and a sharper ammonium sulfate fractionation was performed to obtain about a twofold purification. The dialyzed preparation was diluted with the same buffer to a protein concentration of 10 mg/ml and treated with solid ammonium sulfate in the manner described above to obtain a protein precipitate between 40 and 60% of saturation. The precipitate was dissolved in a minimal volume of 0.01 M Tris buffer (pH 7.5) and dialyzed against two changes of the same buffer over a period of 6 h.
Sixty milliliters of the dialyzed solution (4,128 mg of protein) was applied to a diethylaminoethyl-cellulose column (4.5 by 52 cm; ion-exchange cellulose, Schleicher and Scheull, Inc.), and 1,400 ml of starting buffer (0.01 M Tris, pH 7. An outline of the purification of the esterase is given in Table 1 . The enzyme preparation resulting from the second fractionation with ammonium sulfate was chromatographed on two diethylaminoethyl-cellulose columns; and, in each case, the esterase peak was eluted between 0.42 and 0.52 M KCl. The fractions under the activity peak were pooled and treated with ammonium sulfate to give a preparation with a specific activity of 410 U/mg of protein.
A sample of this preparation was subjected to disc-gel electrophoresis, and duplicate gels were stained or sliced. A photograph of the stained gel is shown in Fig. 2a . The band containing the esterase was located by the position of esterase activity in the sliced gel. Esterase activity was not detected in any other position or in the control gel. The esterase band exhibited fast electrophoretic mobility; therefore, preparative disc-gel electrophoresis was chosen as the next step in the purification. The elution profile from the Polyprep is shown in Fig. 3 , and as shown in Fig. 2c and d the later fractions appear to contain a contaminating protein. The activity peak consisted of fractions 21 through 33.
Fractions 21, 27, and 33 of the Polyprep effluent were individually dialyzed and lyophilized with no loss in specific activity. A sample from each of these fractions was subjected to disc-gel electrophoresis to determine the purity of the esterase in the fractions comprising the activity peak. The three gels are shown in Fig. 2 . Gels b, c, and d contain protein from fractions 21, 27, and 33, respectively. It may be noted that gels c and d show a non-esterase band just above the esterase. Fraction 33 contained more of the contaminant than fraction 27. The band pattern shown in these gels is typical of that produced in gels by an aggregating protein (23); however, before the gels could be used as evidence for aggregation, it was necessary to demonstrate that the protein producing the pattern was essentially pure. The polyprep fractions under the activity peak were pooled, dialyzed, and lyophilized. A sample of the combined protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A photograph of the gel is shown in Fig. 4a . The gel contains a single band, indicating an esterase of good purity in which the multiple bands on the disc-gels (Fig. 2b, c, and d) were due mainly to aggregation of the esterase.
The enzyme as prepared is approaching purity, and a 27.6-fold purification ( individually or mixed on the gels. Gel b in Fig. 4 was one of the gels that contained a mixture of the five proteins. Relative electrophoretic mobilities (25) (Fig. 3) . Gel b is one of the gels used to determine the polypeptide molecular weight of the esterase. Sequentially from the top of the gel, the protein bands are bovine serum albumin, ovalbumin, nocardial esterase, chymotrypsinogen A, and ribonuclease A. A molecular weight of 84,000 was estimated by sucrose density gradient centrifugation of partially purified esterase with hemoglobin as the standard. Figure 5 is a plot of the data obtained from the analyses of the fractions of the two gradients.
Together, the polypeptide molecular weight of 39,500, the presence of a single band on the sodium dodecyl sulfate-gel containing the esterase, and the molecular weight of 84,000 estimated from the sucrose density gradient indicated that the nocardial esterase is composed of two subunits of equal molecular weight and that the dimer is the active form of the esterase.
Purified esterase in buffer was not stable to freezing and thawing, but unless the enzyme solution was very dilute (less than 4.6 ,ug/ml) it could be stored at refrigeration temperatures for several months with no detectable inactivation. Five hours after an esterase solution was diluted to 0.46 ,ug/ml, the activity was reduced by 18%, and after 20 h, by 25%.
Preliminary assays performed with PNPA as the substrate demonstrated that velocity increased in a linear manner with increasing esterase concentration. The esterase exhibited a broad pH optimum between 7.5 and 9.0; however, it was not possible to measure enzymatic reaction rates higher than 9.0 because chemical hydrolysis of PNPA or ethyl acetate was very rapid in basic solutions.
The purified esterase was assayed for hydro-°D lytic activity against a number of different substrates. The results are presented in Table 2 as relative specific activities, with the specific activity with PNPA taken as 100. The specific activity was higher with PNPA than with ethyl acetate or methyl acetate. Figure 6 is a Lineweaver-Burk plot of esterase activity, with PNPA as the substrate in the concentration range of 1.6 x 10-5 to 6.7 x 10-4 M. The apparent Km calculated from this plot was 6.7 x 10-5 M, and V was 1,223 Asmol/min per mg. A number of compounds that are inhibitors of various hydrolases, including esterases, were tested for their effect as inhibitors of the nocardial esterase. The esterase concentration in the assay system was 8.0 ng/ml, and 4.0 x 10-4 M PNPA was the substrate. There was no significant inhibition by organophosphates or the other inhibitors in the concentrations used (Table 3 ). Figure 8 The esterase is not extracellular, but the possibility exists that it is located in the periplasmic space. Fully induced whole cells that were not treated to make them permeable to PNPA exhibited a specific activity of 27 U/mg 37 30o. Since the specific activity of 27 is based on the dry weight of the entire cell, not protein only, these two values compare favorably; however, conclusive evidence for the location of the esterase and the effect of permeability on whole cell esterase activity has not yet been obtained. The electrophoretic mobility toward the anode in disc-gels showed that the esterase is an acidic protein. The purified esterase aggregates, but on sucrose gradients containing partially purified esterase no active aggregates were ob-,served. A similar type of aggregation was reported by Ecobichon (7) for cytoplasmic esterases from several different mammalian sources: aggregation occurred after purification and storage but was not detected in crude extracts or in dilute solutions.
The nocardial esterase appears to be composed of subunits with molecular weights of about 40,000. The dimer is an active form as shown by the location of esterase activity in the portion of the sucrose gradient corresponding to a molecular weight of 84,000. Since the esterase is inactivated by extreme dilution, it is possible that the monomer is not active.
The molecular weight and subunit structure of the nocardial esterase differ markedly from those of other bacterial esterases that have been purified. The inducible esterase from P. cepacia that has a function in methyl ketone metabolism analogous to that of the nocardial esterase has a molecular weight of 34,000, and it may be a monomer (24) . The esterase that Higerd and Spizizen (15) (19) . Barker inhibit the reaction. Since inhibition decreased and Jencks (2) found that both the tetramer with increasing polarity of the alcohol used and the dimer of pig liver esterase are active but (Table 4) , the binding site is probably a hydrothe monomer is not; the tetramer contains only phobic area of the enzyme. two active sites.
The inhibitor studies (Table 3) provided no Although the intracellular substrate for the evidence that a serine residue or a sulfhydryl nocardial esterase is thought to be ethyl acetate, group is involved in the catalytic mechanism of esterases (EC 3.1.1.6) frequently exhibit broad the nocardial esterase. Because of its metabolic substrate specificities (19) , and sometimes the role, the esterase was classified as an acetylonly absolute specificity is that there must be a esterase (EC 3.1.1.6), and it also fits the Holmes doubly bonded oxygen on the atom at which and Masters (17) criteria for acetylesterases. cleavage occurs (16) . No (25) . This esterase is inhibited by organoonly: N-benzoyl-L-arginine ethyl ester and N-phosphates and sodium arsanilate and would be benzoyl-L-tyrosine ethyl ester, carboxylate ester classified as a carboxylesterase by the scheme.
